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ABSTRACT 

A ser ies  of experiments using protons of energies from 6.7 Mev t o  26 Mev 

were performed t o  measure the energy dependence of proton radiation damage on 
p on n and n on p s i l icon and gallium arsenide solar  ce l l s .  The experimental 

r e su l t s  indicate that: 

t h i s  energy range is  i n  agreement with the inverse energy dependence predicted 

on the basis of Coulmb scattering and (b) the minority car r ie r  diffusion 

length inject ion level  dependence previously observed a t  95.5 Mev i s  a l so  

observed a t  a l l  the energies used i n  t h i s  s e r i e s  of experiments. 
dependence is  presented for  solar c e l l s  under one sun equivalent radiation i n  
terms of both K values and reciprocal c r i t i c a l  fluxes. 

(a )  the energy dependence experimentally observed i n  

'lbe energy 

4 c l r H b ' 7 f -  
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I. INTRODUCTION 

The existence of intense regions of energetic proton radiation i n  space 

has stimulated considerable interest  i n  the e f f ec t s  of proton radiation on 
semiconductor devices during the last several years. 

directed i n  these e f fo r t s  t o  si l icon and s i l icon  solar  cells  because of t he i r  

necessarily high degree of exposure t o  proton radiation when mounted on the exter ior  

of spacecraft. Semiconductor devices located i n  the in t e r io r  of spacecraft, 

though equally a s  sensit ive t o  proton radiation, are  afforded considerable 

shielding from the s a t e l l i t e  structure itself and hence may not consti tute a s  

severe a problem a s  solar  ce l l s .  

primary at tent ion has been 

The dependence of proton radiation damage on proton energy is  an important 

factor  because of the wide energy dis t r ibut ion of protons i n  space and the strong 

dependence of radiation damage on incident proton energy. 
hundred electron vo l t s  possess sufficient momentum t o  produce l a t t i c e  displace- 

ments and subsequent degradation of  e l e c t r i c a l  charac te r i s t ics  i n  s i l icon.  

the range of protons of energies less  than an Mev is quite short  and hence penetra- 

t i on  a t  these energies is insuff ic ient  t o  produce meaningfbl radiation damage i n  

covered solar ce l l s .  As the proton energy increases, however, the p-oton range 

increases result ing i n  a pract ical  energy dependence of proton radiation darnage 

which increases sharply w i t h  increasing proton energy. 

i .e . ,  a f e w  MeV, t o  approximately100 MeV the proton range i s  quite large r e l a t ive  

t o  device gecanetries, and the result ing energy dependence of the radiation damage 

follows the c lass ica l  Coulomb scattering l a w s .  These theoret ical  relationships 

predict an energy dependence based on the atamic displacement cross section which 

i s  inversely proportional t o  the incident proton energy. 

energy dependence t o  proton energies above 100 MeV would predict  damage r a t e s  of 

negligible importance re la t ive  to  lower energy damage rates. 
protons have been 
spallation. 
mechanisms exhibi ts  a low energy cut-off, r i s ing  steeply t o  a peak degradation 

r a t e  i n  the v i c in i ty  of a f e w  MeV depending upon the device considered and then 
-1 f a l l i ng  off with increasing energy as approximately E . A t  about 100 Mev a 

plateau i s  reached wherein damage is  re la t ive ly  independent of fur ther  increase 
i n  energy because of spal la t ion mechanisms. 

Protons of a f e w  

However, 

In  the medium energy range, 

Extrapolation of t h i s  

However, high energy 

t o  produce considerable damage i n  s i l i con  due t o  nuclear 

Ihe resul t ing over-all energy dependence a s  controlled by the above 
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In  the course of proton radiation e f fec ts  experiments, many laboratories 

have obtained and published energy dependence data. In these experiments, however, 

experimental techniques often vary considerably and the published data exhibit 
considerable confl ic t  i n  the exact energy dependence of t he  degradation ra te .  

Recent experiments have confirmed the nonlinearity of solar c e l l  character is t ics  

under proton bombardment which, because of different  experimental techniques, has 

been responsible for a major portion of the disagreement observed i n  the energy 

dependence of proton damage. Specifically, it has been observed tha t  K values, 

xhich are  derived from minority car r ie r  diffusion length measurements for  proton 

i r radiated solar  ce l l s ,  are a strong function of the illumination leve l  u t i l i zed  

i n  t h e i r  determination. 

ingful  energy dependence characterist ic for  solar c e l l  power supply design, an 

experiment was designed t o  accomplish two objectives: 

energy dependence data on contemporary solar ce l l s  w i t h  consistent damage para- 

meters over the energy range from 5 t o  450 MeV, and (2) Determine the energy 

dependence of the observed variation i n  minority ca r r i e r  diff'usion length with 

inject ion leve l  i n  s i l icon for use i n  correcting e a r l i e r  experimental data. 

4 

In  order t o  resolve these disagreements and obtain a mean- 

(1) Provide pract ical  

a 
To a s s i s t  i n  a t ta ining the objectives outlined above, an experiment hias 

conducted w i t h  the 32 MeV proton l inear  accelerator a t  the University of Southern 

California. Energy dependence data were obtained u t i l i z i n g  f o i l  absorbers t o  
vary the energy between 6.7 MeV and 26 MeV. The purpose of t h i s  report i s  t o  
present the resu l t s  of t h i s  experiment and compare these resu l t s  with previously 

obtained r e su l t s  a t  95.5 MeV and 450 MeV. 

11. DESCRIPTION OF EXPERIMENTS 

The primary objectives of t h i s  experiment were the acquisit ion of 

quantitative experimental data on (1) the energy dependence of proton radiation 

damage i n  s i l i con  end gallium arsenide solar  c e l l s  and (2)  the energy dependence 

of the var ia t ion i n  minority carr ier  diffusion length w i t h  injection level .  
experiments were conducted i n  a manner similar t o  those described i n  a previous 

report . 
is  included i n  t h i s  previous report, the descriptions presented below w i l l  only 

summarize the general experimental techniques except i n  those cases where additional 

These 

4 
Since a detailed description of the experimental techniques and apparatus 



functions were required. 

of the t e s t  specimens, measurements performed cn the t e s t  specimens, dosimetry 

measurements of beam energy intensity and distribution, and the general experi- 

mental techniques followed i n  the conduct of t h i s  experiment. 

The reminder of t h i s  section i s  devoted t o  descriptions 

Solar Cell Specimens 

The test specimens consisted of both s i l i con  and gallium arsenide solar 

c e l l s  and additional s i l i con  material for  determination of proton induced energy 

levels  thrcugh Hall ef fec t  measurements. 

ran 1 ohm-cm p on n s i l icon solar c e l l s  (symbol CEG), Western Electr ic  1 ohm-cm 
n on p si l icon solar c e l l s  (symbol MWM), Hcffhan 10 ohm-cm n on p s i l i con  solar  

c e l l s  (symbol OUO), and RCA p on n gallium arsenide solar c e l l s  (symbol H) . 
group of solar c e l l s  vas chosen because of the large amount of data existing on 

these types of ce l l s ,  t he i r  established qual i ty  and reproducibility, and t h e i r  

representation of state-of-the-art devices currently available. 

consisted of both p and n-type sil icon w i t h  r e s i s t i v i t i e s  i n  the range of 1 ohm-cm 

t o  100 ohm-cm. The Hall specimens were pre-cut t o  the  conventional six-arm cross 

configuration for post-irradiation measurements of  Hall effects .  

The s i l icon  solar  c e l l s  used were Hoff- 

This 

'Be H a l l  specimens 

O f  the group of solar  cel ls  f i na l ly  selected through i n i t i a l  measurements 
of I-V character is t ics  and minority ca r r i e r  diffusion lengths, several c e l l s  of 
each type were subjected t o  electron i r radiat ion.  

electron i r radiat ion was t o  establish for  this par t icular  group of c e l l s  standard 

short  c i r cu i t  current degradation slopes and empirical relationships between 

short  c i r cu i t  current density and minority ca r r i e r  diffusion lengths for  l a t e r  use 

i n  the proton experiment. 

The purpose of t h i s  pr ior  

Solar  Cell Measurements 

The measurements performed on the t e s t  solar c e l l s  consisted of I-V 

character is t ics ,  diffusion length measurements u t i l i z ing  both the Van de Graaff 

accelerator and the empirical shor t  c i r cu i t  current relationship, and the var ia t ion 
of minority ca r r i e r  diffusion length w i t h  in ject ion level .  
the  I-V character is t ics  and the minority car r ie r  diff'usion length measurements 

using cal ibrated short c i r cu i t  current-diffusion length relationships were performed 

O f  these measurements, 
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a t  the i r rad ia t ion  s i t e ,  while diffusion length measurements with the Van de G r a a f f  

and the determination of minority carr ier  diffusion length dependence on inject ion 

l eve l  were performed following the experiment a t  the STL f a c i l i t i e s .  

I-V character is t ics  were obtained a t  t h e  STL f a c i l i t y  fo r  comparison w i t h  those 

obtained a t  the i r radiat ion site t o  insure adequate cal ibrat ion and an accurate 

measure of any annealing that may have occurred between the two sets of measure- 

ment s.  

AdditTonal 

The I-V character is t ics  were obtained with a 2m°K unfiltered tungsten 

illumination source. The illumination in tens i ty  was maintained a t  the same 

l e v e l  used i n  all previous experiments. 

mately 110 mw/cm 
a minority car r ie r  diff'usion length of 100 microns. 

acquired from these I-V characterist ics t o  determine degradation as a function of 

integrated flux during the course of the experiment. 

c i r c u i t  currents w e r e  used t o  obtain a minority car r ie r  diffusion length under one 
sun equivalent illumination for  the determination of pract ical  K values u t i l i z i n g  

the previously obtained diffusion length versus short c i r cu i t  current empirical 

relationships.  lhis technique fo r  obtaining minority car r ie r  diffusion lengths 

a t  the i r rad ia t ion  si te under one sun illumination conditions i s  described i n  detail 

i n  Reference 4. 

This illumination in tens i ty  is  approxi- 
2 nominal sunlight equivalent for  a conventional solar  c e l l  having 

Short c i r cu i t  currents were 

In addition, these short  

Upon returning t o  the STL fac i l i t i es ,  measurements of minority car r ie r  

diffusion lengths with the Van de Graaff accelerator as a f'unction of inject ion 
leve l  w e r e  i n i t i a t ed .  

electron beam from the accelerator t o  determine the actual  minority ca r r i e r  diffusion 

length while simultaneously varying the excess car r ie r  concentration through 
illumination by an exter ior  variable intensi ty  l i g h t  scurce . 
length data were compared with the previously obtained minority ca r r i e r  diffusion 
lengths a t  the i r rad ia t ion  s i te .  

Briefly, t h i s  technique consists of using a modulated 

4 These diffusion 

The Hall specimens bombarded i n  the experiment were  further measured and 

analyzed a t  the STL f a c i l i t i e s  using conventional techniques described i n  a 

previous report  The purpose of these measurements was t o  determine the nature 

and posit ion of some of the energy levels produced by the proton i r radiat ion.  

5 



Dosimetry 

To obtain a s  accurate knowledge of the radiation environment a s  possible, 

par t icular  a t tent ion was given t o  measurement of proton beam energy, distribution, 

and intensity.  
state detector-spectrometer for determination of beam energy, Carbon-ll activation 

and solar ce l l  ionization detectors for  determination of beam distribution, an 

evacuated Faraday cup and solar c e l l  ionization detector for  determination of 
beam intensity,  and Polaroid film f o r  determination of beam position and over-all 

dis t r ibut ion.  Although specific details of these techniques appear i n  a previous 
4 report , a brief mumpary of each f’unction w i l l  be given below. 

The techniques included range energy experiments and a sol id  

(me proton energy of the external beam incident on the test specimens was 

determined w i t h  range energy experiments using varying thicknesses of aluminum 

f o i l  and a solar  c e l l  as an ionization detector. 

curve yielded a nraximum energy incident on the test  specimens, located approximately 

6 ~ f e e t  fran the ex i t  port, of 26.0 - 0.5 Mev. 

detector was placed i n  the beam and a calibrated pulse height analysis yielded 

an incident energy of 26.0 - 0.1 MeV. 

num f o i l s  w e r e  stacked i n  front of the test specimens t o  degrade the incident 

beam energy. 

Analysis of the result ing Bragg 

+ 0 In addition, a sol id  state junction 

+ 
For lower proton energy i r radiat ions alumi- 

Calculations performed on proton straggling indicated that a lower 

l i m i t  of about 5 MeV incident proton energy would be available f r o m  the primary 

32 MeV beam without appreciable energy straggling. 

l i m i t ,  therefore, w e r e  not attempted because of the rapidly increasing uncertainty 
i n  the data caused by energy straggling a t  these lower energies. 

Experiments b e l o w  t h i s  5 Mev 

Proton beam distribution and position w e r e  determined with Polaroid f i l m  

exposures, Carbon-ll activations, and an array of solar  c e l l s  f’unctioning as 

ionization detectors. 

center l i ne  of the proton beam and the approximate beam diameter as a function of 

distance from the e x i t  port window. 

s ize  a t  a distance of 6 feet from the e x i t  port, the experimental apparatus was 
ins ta l led  and further alignments of the apparatus with the beam were obtained w i t h  

additional Polaroid f i l m  exposures. 

prebombarded solar  c e l l s  arranged uniformly Over 16 cm was placed i n  the experi- 

mental apparatus fo r  further determinations of alignment and beam distribution. 

Polaroid film exposures were i n i t i a l l y  used t o  determine the 

After obtaining a beam diameter of suff ic ient  

An experimental plate  containing nine electron 
2 



When a s  accurate alignment a s  possible was obtained with these techniques, Carbon-11 

act ivat ions were in i t i a t ed  for  f inal  determination of alignment and beam distribu- 

t ion.  

me use of 0.066-inch thick polyethylene sheets for  Carbon-11 dosimetry 
and the associated techniques of handling and counting are  described i n  d e t a i l  

4 i n  a previous report . The polyethylene was pre-cut t o  1 cm2 chips, weighed 

and graded, and muunted on experimental plates  over areas ranging f r o m  16 c m  

100 cm . These chips were mounted on plates ident ical  t o  test specimen plates  

resul t ing i n  accurate placement of the polyethylene chips i n  the experimental 

apparatus fo r  determination of beam characterist ics.  

ment and setup procedures outlined above, a ser ies  of three Carbcn-11 activations 

were performed a t  26 Mev for  f i n a l  determination of beam alignment and dis t r ibut ion.  

2 t o  
2 

Following the i n i t i a l  align- 

B e  resu l t s  of the  Carbon-11 activations are plotted and analyzed t o  yield 

isointensi ty  contours. 

the isointensi ty  contour shown i n  Figure 1. A s  i s  observed i n  the figure, the 

experimental a p p r a t u s  i s  properly aligned i n  the ve r t i ca l  plane but i s  au t  of 

alignment by approximately 0.2 cm i n  the horizontal plane. 

re-aligned and additional Carbon-11 activations were performed t o  obtain good sta- 

t i s t i c a l  r e su l t s  f o r  b&h absolute and relat ive proton dis t r ibut ion and intensi ty .  

The sample position, i .e. ,  the center 4 cm 
possess a maximum variation i n  proton in tens i ty  of approximately I2 per cent from 

the center of t he  beam t o  the edge of the specimen area. 

"he first  Carbon-11 activation performed a t  26 Mev yielded 

"he apparatus was 

2 of the proton beam i s  observed t o  

A f t e r  completion of the experiments a t  26 MeV, aluminum f o i l s  w e r e  placed 

i n  the experimental apparatus t o  degrade the beam energy t o  20 Mev. 

i n  addition t o  degrading the beam energy, a lso a id  i n  f la t tening out the beam 
dist r ibut ion through Coulomb scattering i n  traversing the absorber f o i l s .  
t iona l  Carbon-11 activations were performed a t  20 Mev. 

contours obtained is  Figure 2 i n  which the  observed variation i n  in tens i ty  across 

the specimen area is reduced a few per cent f r o m  tha t  observed a t  26 &v. 
later experiments a t  lower proton energies, Carbon-11 activations were performed 
but l i t t l e  usable data were obtained because of the  rapidly decreasing activation 

cross section f o r  Carbon-11 below 20 MeV and the increasing importance of the 

The fo i l s ,  

Addi -  

Typical of the isointensi ty  

In 



IS01 NTENSITY CONTOURS 
for 26 Mev in u n i t s  of 
108 p /  c tn2-sec 

Figure 1. Isointensity Contours Obtained with Carbon-ll 
Activation at 26.0 Mev 
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IS01  NTENSITY CONTOURS 
for 2 0  Mev in un i t s  of 
108 p /  cm2-sec 

Figure 2. Isointensity Contours Obtained with Carbon-11 
Activation at 20.0 MeV 



Nitrogen-13 activation cross section a t  these energies. 

decay scheme was too complex t o  be handled by the apparatus on hand a t  the si te.  

However, the use of successively thicker f o i l s  a t  lower proton emrgies  fur ther  

reduces the in tens i ty  var ia t ion across the area through Coulomb scattering. 

the amount of in tens i ty  var ia t ion across the test specimen is  small i n i t i a l l y ,  

the decrease i n  this variation a t  lower energies can be obtained frm extrapola- 

t ion  of data a t  26 and 20 Mev with negligible inaccuracy i n  the wer-all in tens i ty  
determinations. 

me resul t ing radioactive 

Since 

In  addition t o  using the Carbon-11 act ivat ion fo r  determination of re la t ive  

beam distribution, absolute intensi t ies  w e r e  obtained frm the Carbon-11 act ivat ion 

count rates after including the necessary corrections for counter efficiency, 

geometry, etc. The proton in tens i t ies  obtained through Carbon-11 act ivat ion w e r e  

i n  agreement within 5 p r  cent with proton in t ens i t i e s  obtained with the Faraday 

cup and solar  

section, counter efficiency, and geometric factors  are not lmown with accuracies 

any better than 5 per cent, it i s  concluded that the in tens i t ies  obtained with 

the Carbon-11 activation technique are i n  agreement with those obtained by other 

techniques within the m e r - a l l  experimental accuracies involved. 

ce l l  ionization detectors. Since the absolpte activation cross 

0 

Actual proton in t ens i t i e s  were obtained i n  the course of the experiments 

with an evacuated Faraday cup of conventional design. 

an inner sensing chamber, a back-scatter shield, and a secondary repell ing grid.  
Ihe output of the Faraday cup was coupled t o  a current integrator which allowed 

continuous'recording of both the proton in tens i ty  and the t o t a l  integrated 

exposure. The Faraday cup contained an entrance aperture of 10 cm . !Be f rac t ion  

of the t o t a l  collected charge i n  the  cup a t t r ibu ted  t o  that portion of the beam 

passing through the sample area was obtained through analysis of the previously 

described Carbon-11 activations.  I n i t i a l  checkout of the Faraday cup consisted 
of varying the grid potent ia l  from +bO t o  -400 vol t s .  
indicated beam current was observed indicating that forward scat ter ing off the 

vacuum window and back scattering out of the inner cup had been sa t i s f ac to r i ly  

held t o  a minimum through cup design. 

observed a t  the high voltages indicating that chamber vacuum was suff ic ient .  The 
Faraday cup was located i n  the experimental apparatus immediately behind the t e a t  

The evacuated cup included 

2 

Negligible change i n  

In  addition, no ionization breakdown was 
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specimens. 
the correction factor necessary for  the change i n  intensi ty  incident on the 

Faraday cup produced by the test  specimen plate.  

found t o  be negligible i n  a l l  except the lowest energy series of experiments. 

A t  each energy a dummy plate of test specimens was u t i l i zed  t o  obtain 

&is correction factor  was 

In addition t o  measuring the proton intensi ty  with Carbon-11 activation 

and a Faraday cup, a group of electron prebmbarded solar c e l l s  was placed i n  

the beam and the result ing ionization currents measured. 

car r ie r  diffusion length i n  the solar c e l l  and the electron-hole pair generation 

rate from handbook values of dE/dx,  the absolute proton intensi ty  incident on 

the solar  c e l l  can be determined. 

technique agreed Kithin 5 per cent with the in tens i t ies  determined w i t h  the  

Carbon-11 activation and within 2 per cent with in tens i t ies  determined with the 

Knowing the minority 

The proton in tens i t ies  obtained with t h i s  

Faraday cup. 

Experimental Setup 

The experimental f ixture  u t i l i zed  i n  this ser ies  of experiments i s  the 

same f ixture  u t i l i zed  in  previous experiments a t  Montreal and San Mego wlth only 

s l i gh t  modifications i n  the Faraday cup t o  improve effectiveness for  protons of 

these energies. The experimental fixture consists of a base on which is mounted 
an adjustable platform w i t h  adjustment i n  the ver t ica l  and horizontal directions 

fo r  f ine alignment of instrumentation and test specimens relat ive t o  the center 
l i n e  of the i r radiat ing beam. 

mounted. 

for  the insertion of experimental plates, Carbon-11 plates,  and f i l m .  These 

rails are a l so  attached t o  the platform i n  order t h a t  the relat ive position of 
the tes t  specimens and the Riraday cup be fixed. A remotely operated solenoid 
is  included on the rails so that test plates may be removed frm the beam a t  
any t i m e  during the course of an experiment. 

On this adjustable platform the Faraday cup is  

Immediately i n  front of the Faraday cup are  located a ser ies  of rails 

"he experimental j i g  was placed 6 f ee t  from the proton beam e x i t  port  

window t o  obtain maximum beam defocusing w i t h  a minimum energy loss  i n  traversing 

the air .  

the first rail  immediately i n  f ront  of the test  specimens which were located 

The f o i l s  for  f'urther attenuation of the proton beam were placed on 
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on adjacent rails. 
test  specimens was not performed i n  th i s  experiment. 

In order t o  obtain a s  accurate data as possible, stacking of 

111. RESULTS 

s i x  separate series of experiments were conducted a t  the f ive  d i f fe ren t  

proton energies of 26 Mev, 20 Mev, 15 Mev, 10 MeV, and 6.7 MeV. 

were conducted a t  26 Mev because of  the importance of this energy and the f a c t  
that experimental e r rors  were most l ike ly  t o  be encountered a t  th i s  energy due 

t o  the t ightness of the beam distribution. 

the subsequent post-irradiation measurements of the diffusion length dependence 

on inject ion level  are  presented i n  t h i s  section. 

W o  experiments 

The re su l t s  of these experiments and 

Short c i r cu i t  current data were obtained from the I-V character is t ics  and 

plot ted as a function of integrated proton flux during the course of the irradia- 

t ion  experiments. 

8. 
c e l l s  tested was obtained i n  the preliminary electron bombardment calibration 

experiments as described ea r l i e r .  per 
decade f o r  the 1 ohm-cm p on n and n on p c e l l s  and 7-1/4 ma/cm 
the 10 ohm-cm n on p ce l l s ,  are indicated i n  each of the figures.  

higher than normal slope obtained f o r t h e  10 ohm-cm n on p solar c e l l s  i s  thought 

t o  be attributed t o  back surface effects  causing e i ther  minority car r ie r  reflec- 

t ion  or opt ical  ref lect ion off the back surface of the c e l l  t o  be a signif icant  
contribution t o  the observed short c i rcu i t  currents. As i s  observed i n  the 

figures, the resul t ing data points f i t  the l i nea r  slopes quite accurately. 

fc values t o  be used i n  determining the energy dependence w e r e  obtained a t  the 

intersect ion of the standard slope applied t o  each individual solar ce l l  with 

19 ma/cm . Gall ium arsenide solar ce l l s  were irradiated a t  10 MeV and 26 Mev 

as shown i n  Figures 4 and 8, respectively. 

currents shown are t o t a l  currents for  the 1 cm x 2 cm devices f o r  convenience 

i n  comparison with s i l i con  c e l l s  on the same scale.  As shown by the data, the 

gallium arsenide c e l l s  a re  significantly more radiation r e s i s t an t  than s i l icon  

ce l l s ,  and ccsnplete degradation characterist ics were not attainable within the 
beam t i m e  available. 

The resul t ing degradation curves are shown i n  F’igures 3 through 

The slope of the degradation character is t ic  fo r  each of the three types of 

2 

per decade for  

The s l i gh t ly  

These slopes, found t o  be 6-1/4 ma/cm 
2 

The 

2 

In  these figures the short  c i r cu i t  

0 
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The energy dependence of proton radiation damage i n  s i l icon solar c e l l s  

was obtained using both K* values and reciprocal 

f o r  s i l i con  solar ce l l s  versus incident proton energy i s  shown in Figure 9. 
Included on this plot  are data previously obtained a t  95.5 Mev and 450 Mev. 

1 ohm-cm n on p Western Electric ce l l s  and the 

used i n  t h i s  series of experiments are ident ical  t o  those used a t  95.5 Mev render- 

ing d i rec t  comparison possible. The Kvalue obtained on older 1 ohm-cm p on n 
deep diffised si l icon solar c e l l s  obtained a t  450 Mev is  shown for  comparison 

w i t h  data obtained on a similar type of ce l l  a t  95.5 Mev. 

of experiments conducted a t  USC, i.e., the 6.7 Mev experiments and the 26 Mev 

experiments, require further comment. 

values. A plo t  of K values E 
"he 

1 ohm-cm p on n Hoffban cells 

Two of the  series 

A t  6.7 Mev, the 0.005-inch thick aluminum 
vacuum window on the Faraday cup becomes significant i n  terms of the straggling 

dis t r ibut ion obtained frm the i n i t i a l  32 Mev beam. Tb determine beam attenuation 

produced by this window, a solar c e l l  used a s  an ionization detector was monitored 

both with and without a ,005-inch aluminum f o i l  i n  f ront  of it. The correction 

factor obtained for  the liaraday cup was 20 per cent. 

was used i n  correcting both the 6.7 MeV short  c i r cu i t  current data shown i n  Figure 3 
and the subsequent 6.7 MeV K values shown i n  Figure 9. 
of the beam distribution rendered alignment during the course cf the experiments 

c r i t i c a l .  A t  the conclusion of the series of experiments from 26 Mev t o  6.7 MeV, 

observation of the r a w  data indicated that the 26 Mev data did not appear consis- 

ten t  w i t h  the remaining data. 

26 MeV and the resu l t s  of both 26 Mev experiments are  shown in Figure 9. 

This correction factor 
0 

A t  26 Mev the tightness 

A second series of experiments w e r e  then run a t  

* K values are derived from the expressions 

2 K t  
1 1 - = - +  

L2 LO 
and 

(2) 

where K i s  a measure of the radiation sens i t iv i ty  of the bulk s i l icon minority 
car r ie r  diffusion length. The principal advantage of K values i s  t h e i r  independence 
of solar  c e l l  surface characterist ics,  illumination source spectrum, and opt ical  
r e f l ec t iv i ty  effects .  For any particular type of solar ce l l ,  an empirical rela- 
tionship can be establiskd between Kvalues and $c values. %is relationship, 
however, i s  dependent upon the spectral content of the illuminating source used 
for  obtaining the pc values. 
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Figure 9. Proton Ehergy Dependence of Silicon Solar C e l l s  
Determined by K Values under One Sun Illumination 
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As described i n  a previous section, the accuracies t o  which proton beam 
+ 

energy and integrated proton flux were determined are be t t e r  than - 5 per cent. 

Therefore, the major uncertainty i n  the experimental data points i s  the var ia t ion 

between solar  cells  i n  any given group. 

c e l l s  t o  radiation are approximately 15 per cent f o r  n on p c e l l s  and approximately 

30 per cent for p on n c e l l s  i n  l o t s  of the s ize  used i n  this experiment. For 

these reasons, uncertainty limits of the above described amounts are placed on 

These variations i n  response of solar 

each data point. 

which i s  approximately equal t o  E -Oag3, is drawn through each group of data 
points. This straight l i ne  shows good agreement with a l l  the experimental data 

points i n  the range from 6.7 MeV t o  95.5 MeV. 

1 ohm-an p on n s i l icon  so lar  c e l l s  a t  95.5 MeV i s  i n  good agreement with the 

slope shown f o r  cmtemporary 1 ohm-cm p on n solar  cells, whereas the data points 

f o ~  25 c k K L e -  cells tes ted a t  450 MeV l i e  s ignif icant ly  above this slope. 

behavior supports the departure f r o m  simple theory of high energy proton irradia- 

A straight l ine  having a slope proportional t o  E-'ln(Tm/2Ed), 

The data point on older deep diffused 

This 

t ion  damage on solar  c e l l s  predicted on the basis of -theoretical  calculations 

0 described i n  previous reports 293 . 
4 Since it has been previously sham (and w i l l  again be demonstrated i n  a 

later section) t h a t  diffusion length measurements on proton bombarded c e l l s  vary 

w i t h  in ject ion level,  it i s  important t o  remember that the K values shown i n  

Figure 9, as w e l l  a s  i n  a l l  previous work, are K values obtained a t  approximately 

one sun illumination levels.  For diffusion length measurements obtained a t  lower 

inject ion levels,  i .e. ,  by either electron or proton beams, measured K values 

w i l l  differ considerably from those shown i n  Figure 9 because of the lower injec- 

t ion  levels  produced by these techniques. The d a t a  on K values shown i n  Figure 9 
were obtained f r a n  diffusion length measurements acquired under one sun intensi ty  
a s  described i n  the previous section. 

A s i m i l a r  enerQy dependence i s  obtained using reciprocal values as shown f C 
i n  Figure 10. 

t o  be ident ical  t o  that based on K values with only s l i gh t  re la t ive  s h i f t s  between 
d i f fe ren t  groups of c e l l s  depending on unrelated but varying character is t ic  

differences between groups of c e l l s  such as  surface character is t ics  and back 

surface r e f l e c t i v i t i e s  and/or recombination ve loc i t ies .  

The energy dependence based on reciprocal values i s  observed L 

As i n  the previously 
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Figure 10. Proton Energy Dependence of Silicon Solar Cells 
Determined by Reciprocal Cr i t ica l  Flux Values 
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discussed Figure 9, the data shown i n  Figure 10 support the theore t ica l  predictions 

of an energy dependence l inear ly  proportional t o  E-'ln( lln/2Ea). 

In summary, a l l  experimental data obtained i n  the energy region from 6.7 Mev 

t o  450 MeV support a l inear  inverse energy dependence of proton damge i n  s i l i con  

for  energies up to about 100 Mev. 

inverse energy dependence is  observed a t  450 MeV as predicted on the basis of 

theore t ica l  relationships involving s p l l a t i o n  mechanisms. 

Above 100 MeV gradual departure from the 

Following the ser ies  of experiments a t  the USC proton accelerator site, 
the test specimens were returned t o  S I Z  and an extensive series of post-irradia- 
t ion  measurements were performed on the e f f ec t  of inject ion leve l  on observed 

minority ca r r i e r  diffusion lengths. 

diffusion length mer t.he range of injection levels  of prac t ica l  importance 
4 had e a r l i e r  been observed and measured . 

the inject ion leve l  dependence on this group of ce l l swere ident ica l  t o  the tech- 

niques previously used . Representative cells f r o m  each i r rad ia t ion  energy 

group were tested. 

through 15 as a function of bombarding proton energy. 

The dependence of observed minority ca r r i e r  

Ihe techniques u t i l i zed  i n  measuring 

4 

?be r e su l t s  of these measurements are shown i n  Figures 11 
Several in te res t ing  trends 

are observed i n  the data. 
ca r r i e r  diffusion lengths t o  injection leve ls  i s  essent ia l ly  independent of th 

proton energy used t o  produce the radiation damage. 

solar  c e l l s  and the n on p 10 ohm-cm solar c e l l s  have a steeper dependence of 

apparent minority ca r r i e r  diff'usion length on inject ion l eve l  than the n on p 

1 ohm-cm solar  ce l l s .  

i n g  an upper l i m i t  of diff'usion length a t  the higher inject ion levels .  

The character is t ic  shape of the curves re la t ing  minority 

Also, both the p on n 1 ohm-cm 

In addition, none of the curves show any evidence of approach- 

The or iginal  minority ca r r i e r  d i f f i s ion  lengths of t h i s  grmp of solar c e l l s  

ranged from 150 t o  225 microns. 

were canpleted, the irradiated solar  c e l l s  had minority ca r r i e r  diffusion lengths 

ranging fran 5 microns t o  50 microns. Be  solar cells used for  the post-irradia- 
t ion measurements of minority ca r r i e r  diffusion length versus inject ion level  

were chosen fo r  as wide a range of radiation damage as possible. 
the e f f ec t  of proton energy on the injection l eve l  dependence f o r  each particular 

type of solar  c e l l ,  the data were normalized t o  zero inject ion l eve l  minority 

After the series of proton i r radiat ions a t  USC 

In order t o  study 
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ca r r i e r  diffusion lengths and replotted as an energy dependent family of curves 

for  each type of c e l l  as shown i n  Figures 16 through 18. 
conclusions can be drawn frm the resul ts  shown i n  Figures 16 through 18. 
the increase i n  apparent diffusion length with increasing inject ion leve ls  is a 

fract ional  increase of the zero injection l eve l  diffusion length regardless of 

the absolute magnitude of the zero injection l eve l  diffusion length. 

the proton energy dependence of the  apparent diffusion length var ia t ion with 

inject ion l eve l  i s  e i the r  s l i gh t  or  nonexistent i n  the proton energy range from 

6.7 MeV t o  95.5 Mev. 

require care i n  the planning of proton r a i l a t ion  damage experiments on s i l icon  

devices a t  any proton energy. 

Several tentat ive 

First, 

Secondly, 

Mnally, the magnitude of this e f f e c t  i s  suf f ic ien t  t o  

There are two general shortcomings t o  the inject ion leve l  dependence data 

presented in Figures 11 through 18. 
these data r e su l t s  in a nonlinear excess ca r r i e r  couceui~-rrti~ii 6s a 2 ~ i x t 5 c r i  zf 
depth i n  the solar cell. 

Reed analysis i n  an e f f o r t  t o  obtain information concerning energy l eve l  s t ructure  

i s  extremely d i f f i c u l t .  

t o  be inadequate t o  delineate the nature of a second order energy dependence term 

f o r  the e f fec t .  However, the primary purpose of these measurements was t o  determine 

the existence of an inject ion leve l  dependence of importance over this energy range, 

and that objective has been conclusively at ta ined by the data presented i n  Figures 

First of a l l ,  the technique for  obtaining 

Hence, the application of these da ta  t o  H a l l ,  Shockley- 

Secondly, the resolving power of this technique appears 

11 thrqgh 18. 

Iv. SUMMARY AND CONCLUSIONS 

A se r i e s  of proton i r rad ia t ion  experiments were performed with the Univer- 
s i t y  of Southern California 32 Mev proton l inac covering the energy range from 

6.7 MeV t o  26 Mev. Ihe results of these experiments are incorporated with the 

r e su l t s  of previous experiments a t  95.5 MeV and 450 MeV on similar types of test  
specimens in an e f f o r t  t o  determine the energy dependence of proton radiation 

damage i n  s i l i con .  

predicted on the basis of theoret ical  relationships involving simple displace- 

ment theory, Coulomb scattering, and spallation mechanisms. The resul t ing energy 

dependence i s  found to be approximately inversely proportional t o  proton energy 

The resu l t s  of t h i s  work support the proton energy dependence 

0 
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f o r  energies up t o  about 100 MeV. 

on fur ther  increases i n  proton energy is fuund t o  become gradually less, theoreti-  

c a l l y  approaching a plateau independent of proton energy because of the important 

contributions from spal la t ion induced defects. 

A t  energies above 100 Mev, the damage dependence 

Additional experimental evidence of the dependence of minority carrier 
diff'usion length and hence, K values, on the inject ion l eve l  used t o  determine 

these energy dependences has been presented. A t  least t o  first order terms i n  

energy, there is  no energy dependence of the apparent diffusion length dependence 
on minority ca r r i e r  inject ion leve l .  

observed minority ca r r i e r  diffusion lengths as a function of inject ion l eve l  

can be expressed i n  the i n i t i a l  stages a s  f rac t iona l  changes of the zero inject ion 

leve l  diffusion length independent of the amount of radiation damage exis t ing i n  

It has a l s o  been shown that the changes i n  

+Ill Ctli_..Qn_ hasp E+BrTgl  mlmgh +_& emliclt:QE cf pisi12 ShekJey-Rpefi a+atfs- 

t i c s  predicts  an inject ion leve l  dependence of recombination center controlled 

minority ca r r i e r  diffusion lengths i n  si l icon, the inject ion l eve l  range over 

which this dependence actual ly  occurs appears to  be important i n  solar c e l l  

experiments involving proton i r radiat ions but not electrcgl i r radiat ions.  
0 

The experimental techniques u t i l i zed  i n  these studies t o  obtain inject ion 

l eve l  dependence are designed primarily t o  obtain measurements of the magnitude 

of the e f f ec t  as  applied t o  s i l i con  s o l a r  c e l l s .  For determination of the actual  

energy l eve l  s t ructures  involved under electron and proton i r radiat ions,  these 
measurements would have t o  be performed i n  a somewhat different  manner t o  f ield 

experimental data conveniently applicable t o  analysis through the  use of Hall, 

Shockle y-Reed re c mbina ti on s t a t i s t i c  6 .  

In conclusion, these experiments have shown that the energy dependence 

of proton radiation damage i n  s i l i con  i s  i n  agreement with theoret ical  re la t ion-  

ships. 

f'unction of energy depends upon t h e  injection leve l  a t  which the energy dependence 

i s  determined. In th i s  report the energy dependence has been shown a t  inject ion 

leve ls  approximately equivalent t o  one sun illumination fo r  s i l i con  solar  cells 

i n  order that the data be of d i r ec t  pract ical  value i n  the design of solar  c e l l  

power supply systems. The u t i l i za t ion  of these data f o r  other proton radiat ion 

However, the absolute magnitude of the damage rate character is t ic  as a 

e 



damage problems i n  s i l icon w i l l  require an evaluation of the injection leve ls  t o  a 
be experienced under normal operation followed by a corresponding s h i f t  of 

the magnitude of the damage constant t o  account for  the change i n  apparent damage 

as a function of injection level .  
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